Regulation of gene transcription requires an interaction between specific segments of nuclear DNA and specific proteins. We describe a method to localize the specific DNAbinding proteins using haptenized double-stranded (ds) DNAs. To demonstrate this method, an oligodeoxynucleotide (oligo-DNA) with a consensus base sequence of cyclic adenosine monophasphate-"& element (CRE) (TGACGTCA) with three 'MA repeats at the 5' end was synthesized. Since the CRE sequence is palindromic, the oligo-DNA was allowed to self-anneal and form ds DNA with three 'MA repeats at both ends. The CRE ds-oligo-DNA was irradiated with w light to form haptenic thymine-thymine (T-T) dimers. The haptenized CRE ds-oligo-DNA reacted by Southwestern analysis with a distinct set of proteins, previously identified as CRE-binding proteins, ranging from
Introduction
Various proteins, such as cyclic adenosine monophosphate (CAMP)responsive element (CRE)-binding proteins (1,2), c-Myc (3), c-Jun (4), and steroid hormone receptors (S,6), bind specific consensus sequences in nuclear DNA known as responsive elements (RE), and participate in the regulation of gene transcription. For a better understanding of the regulatory mechanism of gene transcription by these trans-acting transcriptional factors, an analysis of the expression of these proteins at the individual cell level is required. To date, however, there is little information on the distribution of the proteins at the cellular level because of the limited availability of appropriate antibodies for immunohistochemical localization of these proteins.
In our preliminary reports (7,8) we localized glucocorticoid receptors, a glucocorticoid-responsive element-binding protein (9) , in tissue sections. Specifically, pBR 322 DNA, which contains several ' Supported in part by a grant from the Japanese Ministry of Educa-* Correspondence to: T. Koji 
1994)
glucocorticoid-responsive element (GRE) consensus sequences (91, was haptenized first by generating thymine-thymine (T-T) d' imers by w irradiation and then the haptenized DNA was reacted with the tissue sections. The plasmid DNA that bound to the tissue was then localized by indirect enzyme immunohistochemistry using rabbit anti-T-T dimer as the primary antibody. Rather than using segments of DNA that may contain other RES in addition to GREs or radiolabeled oligodeoxynucleotide (oligo-DNA) (lo), we found that the use of haptenic oligo-DNA was more convenient and more specific. To demonstrate the usefulness of haptenized oligo DNA for the localization of RE binding proteins at the level of cells, T-T dimerized (T=T) synthetic CRE double-stranded (ds) oligo-DNA (Probe 1) was used for localization of CRE-binding proteins in tissue sections. When the haptenized CRE ds-oligo-DNA was reacted with sec-tions of tissues known to be responsive to CAMP, e.g., brain and intestine (ll), the nuclei of these cells were heavily stained and the staining intensities could be altered by physiological manipulation. The nuclear staining was blocked when the reaction competed with an excess amount of non-haptenized CRE ds-oligo-DNA. We refer to this method as Southwestern histochemistry because of the apparent similarity in principle to that of Southwestern analysis (12) .
Materials and Methods
Materials. Dibutyryl CAMP (Bt2cAMP) and theophylline were purchased from Sigma (St Louis, MO), paraformaldehyde (PFA) from Merck (Darmstadt, Germany); horseradish peroxidase-labeled Fab of goat antirabbit IgG [HRP-Fab (anti-R IgG)] from Medical Biological Laboratory (Nagoya, Japan); 3,3'-diaminobenzidine-4HCL (DAB) from Dojin Chemical Co. (Kumamoto, Japan); OCT compound from Tissue-Tek (Miles Inc.; Elkhart, IN) and OPC column from Applied Biosystems Japan (Tokyo; Japan). Page Blue 83 and molecular weight markers of protein in Southwestern blotting were purchased from Daiichi Pure Chemicals (Tokyo, Japan). Non-fat dry milk was purchased from Yukijirushi Dairy Co. (Sapporo, Japan). All other reagents used in this study were of analytical grade.
Animals. Male Wistar rats weighing 150-170 g were used. For isolation of brain nuclear extract and most of the histochemical experiments, normal rats were used. For in vivo treatment with CAMP, rats were adrenalectomized under phenobarbital anesthesia. Two days later the rats received an IP injection of a mixture of Bt2cAMP and theophylline, or saline as a control, as detailed previously (8), and were sacrificed 2 hr later. (13.14) . As a control 8-BP DNA that was not related to known CRE sequence, (+) and (-) strands for the 8-BP motif of the rat prolactin promoter (15) (Probe 2) were also synthesized. A segment of rat growth hormone (GH) ds cDNA (16) with five ATT repeats at the 3'end of both strands (Probe 3), and sense and anti-sense oligo-DNAs correspond-ing to a segment of hepatitis C viral cDNA (17, 18) , together with two and three repeats of ATT at 5' and 3' ends, respectively, were also synthesized.
For annealing of single-stranded (ss) oligo-DNAs to ds oligo-DNA (between CRE ss oligo-DNAs, between (+) and (-) strands of the 8-BP motif of the rat prolactin promoter, between sense and anti-sense strands of hepatitis C viral cDNA), the DNAs dissolved in 10 mM Tris-HC1 buffer (pH 7.4) containing 1 mM EDTA were denatured for 10 min at 65'C and thereafter gradually cooled to 2O' C. Polyacrylamide gel electrophoretic analysis of CRE oligo-DNA revealed that the re-annealing was almost complete and that majority was double-stranded with the above procedure.
Preparation of Nuclear
Extract from Rat Brain. The following steps were done at room temperature (20-28°C; RT) unless otherwise specified. The nuclear extract was prepared according to the method of Monuniny and Bilezikjian (19). Briefly, rat brain (5 g) was homogenized in Buffer H [lo mM Tris/HCI buffer (pH 7.9) containing 0.6 M sucrose, 25 mM KCI, 1 mM EDTA, 10% glycerol, 100 Ulml Trasylol, 1 mM dithiothreitol (MT), 1 mM phenylmethylsulfonyl fluoride (PMSF)] and Centrifuged at 14,000 x g for 25 min. The crude nuclear pellet was washed, re-suspended in Buffer H, and chilled on ice for 30 min with stirring. After centrifugation at 25,000 x g for 1 hr, the supernatant was precipitated in 53% saturated (NH4)2S04 and centrifuged at 16,000 x g for 20 min. The precipitate was suspended in TM buffer [50 mM Tris/HCI buffer (pH 7.9) containing 12.5 mM MgC12, 0.1 M KCI, 1 mM EDTA, 20% glycerol, 0.1% Nonidet-P40, 1 mM MT, 1 mM PMSF], dialyzed overnight against the TM buffer, and centrifuged at 10.000 x g for 10 min. The resultant supernatant, designated as nudear extract, was used. The protein concentration was estimated by absorption at 280 nm using bovine serum albumin as a standard.
Southwestern Blot Analysis. Aliquots of the nuclear extract in 62.5 mM TrislHCl (pH 6.8) containing 2% SDS, 15% glycerol, and 0.0025% bromophenol blue were subjected to SDS-PAGE with a 4-20% gradient in duplicate. One slab was electroblotted onto a nylon membrane, according to the user manual of immunoblotting system supplied by Daiichi Pure Chemicals, and the other was stained with Page Blue 83 for visualization of protein bands. The molecular weight markers were as follows; bovine skeletal muscle myoglobin (17. The protein blotted onto the nylon membrane was processed according to Silva et al. (20) . with slight modifications. Briefly, the blot was incubated with a pre-incubation solution containing 5% non-fat dry milk dissolved in 10 mM Tris-HC1 (pH 7.4) with IO mM NaCl and 1 mM EDTA, overnight at 4'C. In some instances, 8 pglml of GH ds-oligo-DNA was added to the pre-incubation buffer. Then the blot was reacted with 1 pg/ml T-T dimerized CRE ds-oligo-DNA probe in the pre-incubation solution for 3 hr at RT. After successive washings with the pre-incubation solution (twice for 1 hr each) and PBS (three times for 1 hr each), the blot was incubated with PBS containing 5% BSA, 500 pg/ml normal goat IgG. and 0.05% NaN3 for 1 hr. PBS and the other heat-stable solutions were autoclaved to inactivate contaminating DNAse. The T-T dimers were detected immunohistochemically using rabbit anti-(T-T dimer) IgG and HRP-Fab (anti-R IgG) in succession (14.21) . Sites of HRP were visualized with a solution containing DAB, HzOz, cobalt chloride, and nickel ammonium sulfate (22).
Southwestern Histochemistry. The rat brain and small intestine were embedded in OCT compound and quickly frozen in an ethanol-dry ice mixture. The frozen sections ( 5 Wm) were cut, placed on gelatin-coated glass slides (14) , and air-dried. The sections were fixed in cold acetone or 4% PFA in PBS for 10 min at 4°C. After several washes with PBS, the sections were immersed in the pre-incubation buffer for 1 hr. Then the sections were incubated overnight with T=T-CRE ds-oligo-DNA dissolved in Judging from their molecular weights, all of the bands on the Southwestern blot could be tentatively assigned to the CRE proteins reported previously (23-25). In addition, the pre-incubation with an eight-fold excess amount of the GH ds-oligo-DNA, which lacks the CRE sequence, did not interfere with the banding pattern on the Southwestern blot and indicated that the banding was not a result of the nonspecific affinity of ds-o1igoJ)NA for the nuclear extracts.
Results

Southwestern Blotting of CRE-binding Proteins from Rut Bruin by T=T-CRE ds-oligo-DNA
Southwestern Histochemistry for CRE-binding Proteins
Rat brain and small intestine were chosen as model tissues to be tested for localization of CRE-binding proteins by Southwestern histochemistry, because both tissues have been well recognized as CAMP-responsive organs (11) . At the beginning of the experiments, the effects of fixation on the reactivity of T=T-CRE ds-oligo-DNA with CRE-binding proteins in tissue sections were examined. When the frozen sections were fixed in 4% PFA for 10 min at 4°C and reacted with T=T-CRE-oligo-DNA ( 5 pglml), the nuclei of the brain cells ( Figure  2A ) and intestinal epithelial cells ( Figure 2B) were strongly stained. In the frozen sections of small intestine fixed in cold acetone, the nuclear staining was marginal ( Figure 2C ), whereas endogenous peroxidase staining was remarkable. Consequently, all subsequent studies were carried out using 4% PFA fiition.
In the next step, an optimal concentration of T=T-CRE ds-oligo-DNA for the detection of CRE-binding proteins was determined. Frozen sections of small intestine were fixed in 4% PFA and reacted with the T=T-CRE ds-oligo-DNA at various concentrations (0.5, 1.0, 2.5, or 5 pg/ml). The intensity of nuclear staining increased as the concentration of the probe was increased and reached a maximum level at 1.0-2.5 pglml. Intense nuclear staining comparable to that of 5 pg/ml of DNA ( Figure 2B ) was found in a section reacted with 1 pg/ml of T=T-CRE ds-oligo-DNA ( Figures 3A and 3B) . When T=T-CRE ds-oligo-DNA was omitted from the reaction mixture, no nuclear staining was observed ( Figure 3C) . In a section reacted with T=T-CRE ds-oligo-DNA in the presence of an excess amount (100-fold) of non-haptenized CRE ds-oligo-DNA, the staining was also blocked ( Figure 3D ). When various T=T-oligo-DNAs (Probes 2, 3, or 4) were used, nuclear staining was not observed (data not shown). These results indicate that the nuclear staining was CRE-sequence specific.
Eflects of BtzcAMP and Theofihylline on the Nuclear Staining for CRE-binding Proteins
When a section of small intestine from adrenalectomized rats that had been injected IP with a mixture of BtzcAMP and theophylline was reacted with T=T-CRE ds-oligo-DNA, the nuclear staining was significantly reduced ( Figure 4B ), whereas intense nuclear staining was found in a section from a saline-injected rat ( Figure 4A ).
Discussion
A histochemical method for the localization of specific DNAbinding proteins by using haptenized synthetic ds-oligo-DNA with specific base sequences is introduced. This method can be regarded as an extension of the method originally developed for the detection of glucocorticoid receptor with T=T-pBR 322 DNA harboring a glucocorticoid responsive-element consensus sequence (7, 8) . In the present study, CRE-binding proteins were selected as a target model to demonstrate h e efficacy of Southwestern histochemistry with synthetic ds-oligo-DNA.
First, the reactivity and specificity of T-T dimerized palindromic CRE ds-oligo-DNA with CRE-binding proteins was evaluated by Southwestern blotting. The probe bound well with seven protein bands (40, 43, 47, 56, 60, 72, and 90 KD) on the blot. Based on the molecular weights, all of the bands could be assigned as CREbinding proteins reported previously. The 40, 47, 56, 72, and 90 m bands corresponded to the CRE-binding proteins isolated from proliferating rat liver cell nuclei detected by the CRE-containing ds-oligo-DNAs on the Southwestern blot (24). The 43 KD band is probably identical with CREB originally detected in the nuclear proteins from rat brain (26). The 56 KD band corresponds to CRE-BP1 (27). The 60 KD band may be one of the proteins that were detected between 53-62 KD as CRE-binding proteins (25).
In this study, the assignment of bands to individual CRE-binding proteins was done on the basis of molecular weights, as has been done by other investigators (24,25). However, for more definite assignments, further characterization, as was done for CREB (28), is desirable. Nevertheless, the facts that the molecular weights of all seven bands matched well with the molecular weights of previously known CRE-binding proteins and that pre-incubation of the blot with unrelated ds-oligo-DNA (GH ds-oligo-DNA) did not interfere with the binding strongly suggest that the T=T-CRE ds-oligo-DNA bound to the CRE-binding proteins and not to other nuclear proteins. The results of Southwestem blotting also indicated that the octamer CRE consensus sequence was sufficient for binding with the seven bands and did not require additional nucleotides at the ends of the consensus sequence for enhancement.
With Southwestern histochemistry, further verification of the specificity of the binding between CRE-binding proteins and T=T-CRE ds-oligo-DNA was made. The blocking of nuclear staining when the binding competed with an excess amount of nonhaptenized CRE ds-oligo-DNA and the failure of nuclei to stain with unrelated T-T dimerized ds-oligo-DNAs indicated that the binding was specific for the base sequence of CRE. In addition to the various controls at the tissue level, some model biological experiments that varied the affinity of CRE-binding protein for CRE were done to further ver@ the specificity. For this purpose, adrenalectomized rats were administered Bt2cAMP and theophylline IP. These agents are known to activate protein kinase A and to phosphorylate CRE-binding proteins. The phosphorylation leads to dimerization of the binding proteins (28-30) and activates their trans-activation functions (31,32). As the bindingproteins were phosphorylated, some CRE-binding proteins acquired the ability to bind CRE variants in addition to palindromic CRE (33), and some acquired an even stronger affinity for palindromic CRE sequences (1,2,33) , as in the case of CREB (26). Therefore, in the cells that were activated, CRE-binding proteins were now bound to nuclear palindromic CRE or CRE variants and were not available for binding with the CRE probe, so the intensity of Southwestern histochemical staining for CRE-binding proteins was expected to be diminished. In fact, the nuclear staining in tissues of rats injected with the agents almost disappeared, whereas that of rats that received no drug remained strong. These results further suggest that the T=T-CRE ds-oligo-DNA was bound to the CRE-binding proteins in tissue sections. They also point to a possible difference between the results of immunohistochemical localization of binding proteins and those of Southwestem histochemical localization. With immunohistochemistry, localization of binding proteins, whether bound to RE or not, are demonstrated, whereas with Southwestern histochemistry only those proteins that are free or not so tightly bound to RE are demonstrated. Hence, the methods should complement each other in defining the physiological state of binding proteins.
Although the quantification of CRE-binding proteins per cell was not addressed in the present study, the dissociation constant of CRE ds-DNA-CREB complex (lo-* to M) (33) is similar to that of antigen-antibody complex. One can expect a similar sensitivity between Southwestern histochemistry and immunohistochemistry. At the same time, Southwestern histochemistry is subject to problems similar to those associated with immunohistochemistry. Fixatives may alter the affinity and avidity of binding proteins to ds-oligo-DNA and may not detect all binding proteins that were detected by Southwestern blotting.
Lists of RE and RE-binding proteins, including specific RNAbinding proteins that may be involved in the regulation of translation andlor mRNA stabilization (34), are rapidly growing. H m e r , antibodies are not available for most of these newly identified binding proteins. In these instances, Southwestern histochemistry should be useful for localization at the cellular level.
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